Bacteriorhodopsin is the best understood ion transport protein and has become a paradigm for membrane proteins in general and transporters in particular. Models up to 2.5Å resolution of bacteriorhodopsin's structure have been published during the last three years and are basic for understanding its function. Thus one focus of this review is to summarize and to compare these models in detail. Another focus is to follow the protein through its catalytic cycle in summarizing more recent developments. We focus on literature published since 1995; a comprehensive series of reviews was published in 1995 (112).
INTRODUCTION
Halophilic archea thrive in high-temperature saturated salt brines that are exposed to bright sunlight. To extract energy as well as information provided by the light and its spectral composition, haloarchea possess a set of four related retinal proteins in their cell membrane: bacteriorhodopsin (BR), halorhodopsin (HR), and two sensory rhodopsins (SRI and SRII).
Bacteriorhodopsin converts the energy of "green" light (500-650 nm) into an electrochemical proton gradient, which in turn is used for ATP production by ATP-synthases. Halorhodopsin is involved in maintaining iso-osmolarity of the cytoplasm during cell growth by transporting chloride ions into the cell, exploiting a similar spectral range (108) . Sensory rhodopsin I and II, on the other hand, mediate phototactic behavior, thus permitting the cell to avoid harmful blue and UV light and to accumulate in regions favorable for photosynthesis (61, 146) .
Bacteriorhodopsin is the focus of much interest and has become a paradigm for membrane proteins in general and transporters in particular. It also has technical applications not covered in this review. Instead, we focus first on refolding studies of BR in vitro as an example of membrane protein folding and then summarize insights obtained from recently published crystal structural models, including the role of lipids in determining biological properties. Finally, we follow the protein through its catalytic cycle, and evaluate the experimental data describing each step. We restrict ourselves to recent literature. Other recent reviews on BR and retinal proteins can be found in References 86, 109, and 112.
GENERAL DESCRIPTION OF BACTERIORHODOPSIN FUNCTION
As a basis for discussion, we start with a brief description of BR's structural model and function. Although all retinal proteins fold into a seven-transmembrane helix topology with short interconnecting loops, only BR naturally forms patches of two-dimensional crystals in the cell membrane, called purple membrane (PM). The helices (named A to G) are arranged in an arc-like structural model and tightly surround a retinal molecule that forms a Schiff base (SB) with a conserved lysine on helix G (K216 in BR). The cross section of BR with residues important for proton transfer is shown in Figure 1 . Retinal separates a cytoplasmic (CP) from an extracellular (EC) half channel that is lined by amino acids crucial for efficient proton transport by BR (especially D96 in the cytoplasmic and D85 in the extracellular half channel). The geometry of the retinal, the protonation state of the Schiff base, and its precise electrostatic interaction with surrounding charges (D85, D212, and R82 in BR) and dipoles tune the absorption maximum to fit its biological function.
Absorption of a photon by BR initiates a catalytic cycle that leads to vectorial transport of a proton out of the cell. Thermal intermediates during the cycle were initially defined on the basis of time-resolved absorption spectroscopy and were termed J, K, KL, L, M 1 , M 2 , N, and O. Tremendous efforts have been made, using a host of biophysical methods, to determine the exact nature of changes in each step and to relate them to transport function. The cycle can be formally described in terms of six steps of isomerization, ion transport, and accessibility change (switch). Retinal first photo-isomerizes from an all-trans to a 13-cis configuration followed by a proton transfer from the Schiff base (SBH) to the proton acceptor D85. Concomitantly, a proton is released to the bulk phase by a group X, the exact nature of which is still under debate. To allow vectorial transport, the Schiff base needs to change its accessibility from extracellular to intracellular before reprotonation occurs from D96 in the cytoplasmic channel. After reprotonation of D96 from the CP surface, retinal reisomerizes thermally and the accessibility of the Schiff base switches back to extracellular. These steps represent the minimal number of steps needed to account for vectorial transport in wild-type BR (WT-BR) and also for transport modes of its mutants (156a), halorhodopsin (5) and sensory rhodopsin (7, 49) . These modes include inversion of direction of transport (156a), two-photon-driven transport, and the alternative transport of protons or chloride ions by one and the same molecule (132a, 155) . Further information on BR and retinal proteins can be found in other recent reviews (81, 83-85, 87, 109) .
FOLDING AND RECONSTITUTION OF BACTERIORHODOPSIN
Bacteriorhodopsin and its mutants or fusion proteins have been expressed in several heterologous systems (yeast: 60; Xenopus leavis oocytes: 104; COS-1 and Sf9 cells: 58) or even by cell-free translation (145) . Translation products in Escherichia coli are not properly inserted into the membrane and had to be recovered from inclusion bodies and folded in vitro using a dimyristoyl phosphatidyl choline (DMPC) sodium dodecyl sulfate (SDS) mixed vesicle system (66, 90) . This procedure formed the basis for recent studies on BR folding from a mechanistic point of view rather than for protein recovery. The folding kinetics of only two other membrane proteins have been studied so far, namely light-harvesting complex II from higher plants (11) and E. coli outer-membrane porin (151) .
Folding of BR denatured in SDS was initiated by rapid mixing with detergent lipid micelles (SDS/DMPC/CHAPS) with or without retinal present, and the process was followed by time-resolved fluorescence (9, 10), absorbance (8, 12) , or circular dichroism (126) . The simplest scheme emerging from these studies is described by
It should be kept in mind that BR in SDS still retains about 60% of its secondary structural model, equivalent to three or four transmembrane α-helices (90, 126) . Complete loss of secondary structure can be induced by organic acids (66) . Based on light-scattering changes, two kinetic components, v 1 (250-420 s −1 ) and v 2 (2-10 s
), also observed as fluorescence changes, have been assigned to micelle mixing events; however, there are indications that v 2 might also involve protein folding events to form intermediate I 1 . Specifically, removal of the positive charge at position 175 (R or K), which is highly conserved among BR and HR sequences (101) and has been invoked in stabilizing helix arrangement (54) , results in the loss of v 2 (8) . CD spectroscopy suggests the formation of a helical structure during the folding process corresponding to about 70 amino acids. The foldings of 40 amino acids are not time-resolved (126 (137) or to the final chromophore in K216 mutants unable to form a covalent linkage with retinal (141) . The final phase of folding involves formation of the Schiff base and small structural rearrangements of the helices with at least one intermediate (time scale of minutes). Most of the apoprotein (bacterioopsin, BO) folding is suggested to occur up to intermediate I 2 , when retinal slips into a preformed binding pocket. In this context, an interesting observation is that the pK a of the Schiff base of BR depends on preparation conditions (79) . Addition of retinal to a culture of JW5 cells, which are deficient in retinal synthesis, leads to in vivo BR formation with a Schiff base pK a > 10.2, as in WT-BR. BR reconstituted in vitro from apomembranes (AM) of JW5 cells and retinal had a pK a of 8.5. The authors suggest that during in vivo folding, retinal acts as a template for the exact folding of the polypeptide chain, leading to a tighter packing of the side chains around the chromophore. Despite these differences in the Schiff base pK a , the photocycle kinetics of M-rise and decay are very similar. One difference in the preparation conditions seems to be that biogeneration of BR is under high salt, whereas reconstitution as well as in vitro folding studies are performed in low salt. Although BR is stable under all conditions, a folding process to achieve the final structural model might be affected by ionic strength.
Folding of functional BR is possible from two or three fragments containing complementary sets of helices (70, 95, 113) . These studies demonstrate that none of the loops connecting helices A through F is essential for correct association and orientation of the helices, although they stabilize the structure (71, 95) . Even fragments containing redundant sets of helices (e.g. A-E and C-G) form functional BR (95) . It has also been suggested that the helices (or sets of helices) represent independent folding units that are preformed before the functional molecule is assembled in a second stage of folding (122) . This may not be true for each of the helices; it was found that peptides corresponding to helices A to E form stable transmembrane α-helices but that helix F does not form any stable secondary structural model at all, helix G forms a hyperstable β-sheet, and helix C reversibly inserts into the membrane in a pH-dependent manner (67, 68) . For these peptides, some external constraints may be necessary to adopt a helical structure.
BR may also be reconstituted from BO and inactive retinal, e.g. 9-cis retinal can be used as a "caged retinal." 9-cis retinal is fixed in the binding pocket of BO but does not form a Schiff-base linkage (138) . Upon illumination with blue light, retinal isomerizes to all-trans and reconstitutes the chromophore (34, 93) . This approach was used to study the role of water during reconstitution (127, 128) . Films of the BO/9-cis complex (BR 390 ) were equilibrated to different humidity and irradiated with blue light. Low humidity leads to formation of a species absorbing at 470 nm that has no covalent linkage to K216, whereas high humidity favors a 570-nm-absorbing species. Exposing BR 470 to water vapor converts BR 470 and residual BR 390 to BR 570 , demonstrating the role of water in the formation of the Schiff-base linkage. Two forms of the 570-nmabsorbing species could be differentiated. Above 86% humidity, WT-BR 570 is formed, whereas below 86%, a species called BR 570 can be distinguished by the rise and decay kinetics of its M intermediate and the absorbance shifts observed upon desiccation. In contrast to the mutant D96N, which formes a mixture of BR 470 and BR 570 even at 100% humidity, the mutant E204Q converts to BR 570 at humidities as low as 57%. It was suggested that these two residues have key roles in binding water molecules inside the protein.
In an attempt to identify groups that protonate/deprotonate during reconstitution (33) , the BO/9 cis-to-BR 570 reaction was followed with Fourier-transform infrared difference spectroscopy using WT-BR and mutants D38N, D96N, D115N, and E204Q (131) . Surprisingly, none of the aspartate residues undergoes a protonation change; only changes in the hydrophobicity of the environment are seen. Instead, a hydrogen-bonded network including the side chains of E204, D85, R82, Y57, and bound water was suggested to be responsible for proton release/uptake during chromophore reconstitution.
STRUCTURAL MODEL AND LIPID INTERACTIONS
Although the three-dimensional structural model of a protein determined with classical X-ray crystallography or electron diffraction is static, it is invaluable in understanding the function of a protein because it guides the interpretation of dynamic changes observed in time-resolved measurements or the design of mutants thought to be of functional significance. The unique two-dimensional crystalline nature of PM allowed determination of the molecular structural model with electron diffraction methods at cryo temperatures. The initial lowresolution model of PM (54; 1BRD: structural model I) was later refined to a resolution of 3.5Å (43; 2BRD: structural model II) and 3.0Å (77; 1AT9: structural model III). Data were taken from either completely dried samples in the presence of glucose (I, II) or partially dried samples in the presence of trehalose (III), respectively. Three recent X-ray crystallographic studies [117, 1AP9: structural model IV; 92, 1BRX (V); 32, 1BRR (VI)] seem to add even more information on the precise location of amino acid side chains, internal water molecules, and lipids as well as their interaction with the protein. BR crystals were obtained from the lipid cubic phase (IV, V) or were grown on benzamidin crystals from detergent phase (VI). In all cases, data collection was done at cryo temperatures. It should be pointed out, however, that the X-ray crystallographic studies do not provide independent verification of the two electron crystallographic structural models because they used the coordinates of structural models II and/or III during the molecular replacement procedure. The quality of the derived models, however, strongly depends on the search model used and whether simulated annealing and omit maps were correctly calculated to minimize model bias. Table 1 provides some key distances discussed in the respective publications and below. Obviously, some distances deviate from each other by larger values than the reported resolution would allow. This indicates that either the models are not yet completely correct or that the different conditions of sample preparation, e.g. native membrane versus detergent or lipid phase, cause differences in the structures. Both causes may contribute to the deviations.
All structural models agree on the general arrangement and orientation of the helices. Concerning proton transport, the most interesting parts of the structural models are the proton release pathway on the extracellular side (SBH, D85, D212, R82, E194, E204, E9, T205, T89, Y83, Y57, Y185, W86, water), the reprotonation pathway in the cytoplasmic half channel (D96, T49, D38, water), and the cytoplasmic membrane surface for proton capture and guidance (D104, D102, D36, lipid head groups). Several cavities large enough to accommodate one or more water molecules have been identified in each structural model. The highest resolution, allowing localization of water molecules, is needed to differentiate mechanisms of proton transport based on the identification of hydrogen bonds. The role of water molecules in the transport mechanism, although suggested long ago (59), found increased appreciation lately, but their positions mostly eluded exact identification in the structural models. Only in structural model V are three water molecules localized on the basis of their electron density; otherwise their presence is inferred from the identification of cavities large enough to accommodate them. The presence of 7-12 water molecules in the EC and CP channel was detected by neutron diffraction data; four of these molecules are tightly bound in the structure (114) .
The distance between the protonated Schiff base (SBH) and D85 (4.2Å to OD2 in structural model VI) is too far for a direct hydrogen bond. Although in structural model IV no water molecules are found in hydrogen-bonding distance to D85, in structural models V and VI a cavity large enough to accommodate water molecules between SBH, D85, and R82 is identified. The oxygen atom OD2 of D85 is hydrogen bonded to T89 (not in III and IV) and the two oxygen atoms OD1 and OD2 of D212 to Y57 and Y185, respectively. Additional hydrogen bonds are found between OD1 of D212 and the SBH (II, III) whereas OD2 forms a hydrogen bond to W86 in model II but to R82 and the water between the SBH and D85 in model V. The orientation of R82 has been much debated, as it points downwards in structural model II, although it was expected to be part of the complex counter ion of the Schiff base (6) . In more recent structural models (III, V, VI), R82 points toward D212, to which a hydrogen bond is postulated (V) or appears to be immersed in a local water pool of two surrounding cavities large enough to accommodate several water molecules (V, VI). The following alternative proton-release pathways are discussed. The orientations and distances of the amino acid side chains slightly favor a release through D85, R82, T205, and E9 in structural models II and IV, whereas the alternative involves D85, R82, E204, and E194 (V, VI), the latter two forming a dyad in the proton-release pathway (VI). Despite the detailed mechanisms proposed, it should be kept in mind that mutational analysis bears problems if used to draw conclusions about wild-type proton transfer pathways. Removal of a component in the proton exit pathway possibly opens alternatives that do not contribute to proton transport in the wild type. One such example is the reprotonation kinetics of wild-type, D96N, and D96G mutants (99) .
The reprotonation of the Schiff base occurs from D96 over a distance of ∼12Å. No obvious proton pathway is discernible between D96 and the Schiff base in the dark state of the protein. A cavity capable of holding one or two water molecules is located near D96 (II, V, VI) and may be part of the reprotonation pathway after the Schiff base has changed its accessibility during the cycle. The existence of hydrogen-bonded networks in the extracellular and cytoplasmic half channel were suggested on the basis of continuum bands found in FTIR studies (88, 124) . Also, azide was suggested to accelerate M-decay in the D96N mutant by inducing a hydrogen-bonded network in the cytoplasmic half channel (88) . D96, in turn, is reprotonated from the cytoplasmic membrane surface, which functions as a proton collector (20, 102) . The reprotonation pathway of D96, by all likelihood starting at D38, again has no obvious H-bond network spanning the 12Å distance in the initial state structural models. Residue D38 was identified to play a key role in the reprotonation of D96 as well as in the structural changes associated with the M 1 → M 2 transition (135) . The cytoplasmic surface carries an excess of negatively charged groups, i.e. acidic residues in loops (D36, D102, D104, E161, E166) and the C terminus (E227, E234, E237, D242) as well as negatively charged phospho head groups of surrounding lipids. These protonatable groups are potentially involved in proton capture from the bulk and allow rapid proton diffusion along the membrane surface (53) .
The purple membrane contains up to 10 lipid molecules per BR monomer, which account for 25% of its mass. In Halobacterium salinarium, C2 and C3 of sn-glycerol is ether linked to dihydrophytanoyl side chains (archeol), whereas C1 carries one of several polar head groups to form phosphatidylglycerol phosphate (PGP), phosphatidylglycerol phosphate methylester (PGP-Me), phosphatidylglycerol sulfate (PGS), and a sulfated triglycoside lipid (S-TGA-1). Partial removal of lipids by mild detergent treatment affects photocycle kinetics (29) . Wild-type kinetics can be restored by adding back halobacterial lipids, whereas phospholipids lacking the ether-linked dihydrophytanoyl side chains are not effective (100, 121), suggesting a specific role for the lipids in maintaining BR functionality.
The structural model II includes ten lipid molecules per BR monomer; however, half of the dihydrophytanoyl side chains and all of the head groups are disordered. Two lipid molecules showed electron density in structural model VI, i.e. one S-TGA-1 and the side chains of one phospholipid molecule. The latter bind tightly to the protein because they are not fully removed even in detergent-solubilized BR (116); they seem to play a special role in stabilizing the PM structure. Specific labeling of S-TGA-1 with deuterated sugars allowed the localization of two molecules per BR monomer in a neutron diffractionstudy (166) .
Three S-TGA-1 molecules are located within the BR trimers (corresponding to side chains 261 in model II). One of their elongated 3-phytanoyl chains specifically fits into a hydrophobic groove on helix D, providing a molecular explanation for the finding that mutations on helix D disrupt PM formation (82) . The second phytanoyl chain makes tight contact with W80 on helix C and might provide part of the driving force for trimer formation. As expected, substituting W80 with smaller residues disrupts PM formation (H Besir & D Oesterhelt, unpublished), presumably by destabilizing the trimer units. The second S-TGA-1 molecule mediates interaction between trimers by contacting helices A/G and helix E of two monomers (166) . Residues W12 and W10 on helix A are likely candidates for interactions with the lipid, and preliminary results show decreased PM formation upon mutation of W12 (H Besir & D Oesterhelt, unpublished).
An electron-crystallographic structural model of deoxycholate-treated PM (42) , which lacks roughly half of the lipid molecules, reveals virtually identical structural features of the protein monomer, whereas electron density at positions corresponding to the second S-TGA-1 molecule between trimers is missing. As a result, the arrangement of the trimers is changed and leads to different contacts.
Although the structural information gained from X-ray diffraction studies is static, the temperature factors give an indication of the flexibility of different parts of the molecule. Roughly, the temperature factors increase from the center of the structural model embedded in the membrane toward the loop regions on either side of the membrane. Direct experimental evidence for a hard core vs a soft shell was obtained from neutron diffraction studies of selectively labeled BR (125) . Obviously, the amplitude of thermal fluctuations around retinal must be smaller than the structural changes induced by retinal isomerization. On the other hand, the outer parts of the molecule must be flexible enough to allow for larger changes that might be necessary for proton transport. Upon dehydration and delipidation of PM, a reduction of internal flexibility was found that points toward a role of the lipids in influencing protein dynamics (35) .
CATION BINDING SITES IN BACTERIORHODOPSIN
Deionization of purple membranes leads to a color change from purple to blue that is reversed upon addition of mono-, di-or trivalent cations. Five (76) to sixteen (69) cation binding sites of high as well as low affinity were reported. Enzymatic removal of the carboxy terminus of BR eliminates all but one binding site of the low-affinity type, indicating their surface location. Based on the finding that replacement of D85 or D212 reduces the binding constant of the high-affinity site while leaving the low-affinity binding unaffected (172) , it was suggested that the former is composed of the protonated Schiff base, D85, D212 and R82. Thus the change in electrostatics in the immediate vicinity of the retinal causes the color change from blue to purple (69, 115, 143) . However, none of the published BR structural models gives any indication for the presence of a cation, nor did any of the molecular dynamic calculations include a cation close to the Schiff base in order to yield reasonable pK a values for the protonatable groups in BR (6, 107, 132) .
In an alternative model, the metal ions were treated as free cations uniformly distributed on the surface of PM, thereby influencing the surface pH via the Gouy-Chapman effect (152) . A low surface pH in the absence of cations would lead to protonation of intrinsic carboxylates, i.e. D85 and D212, which has been shown to induce a redshift of the absorption maximum. Strong experimental evidence for this model comes from the finding that the kinetics of the blue-topurple transition is independent of the size and charge of the cations, such as monovalent or divalent ammonium ions up to the size of ∼10Å (37). In quantum chemical calculations, small organic cations could be accommodated in the retinal binding pocket but not at the site proposed for Ca 2+ binding (153) and not of the size used in the experiments described above. These cations could not be accommodated, by any means, in the retinal binding pocket nor in any other location in the interior of BR (3) . Thus, a model based on D85, D212, and R82 as the cation binding site seems unlikely, and further experimentation is needed to clarify which surface groups are involved in low-and high-affinity cation binding.
THE CATALYTIC CYCLE

Primary Reaction-The J Intermediate
The photoreaction in bacteriorhodopsin leading from all-trans to 13-cis retinal is far more selective and efficient than photoreactions of retinal in solution. Thus, much attention has been paid to understanding this reaction in the protein, and a variety of spectroscopic experiments have been carried out to elucidate the primary events in BR. Due to improvements in laser and detector technology, the time resolution was increased to a few femtoseconds; the results of recent experiments are discussed in this section. The detailed knowledge of electronic and nuclear dynamics of the photoisomerization of retinal in bacteriorhodopsin will likely increase understanding of the efficiency and selectivity of the observed reaction and may provide a tool for developing technical devices that convert light energy into chemical energy.
Electrons of the uniformly light-adapted initial state are excited by photons of the appropriate wavelength to the Franck-Condon region of the excited-state surface of S 1 . The wave packet develops for some time on the excited-state surface(s) and then returns to the ground state, S 0 . The quantum efficiency for isomerization is 0.64 (156) ; therefore, 36% of the molecules return to the initial state. Questions about the primary reaction of BR concern the shape of the potential energy surface, involvement of S 2 , and the crossing point to S 0 .
Two different models for the primary reaction exist, and for each, supporting as well as contradicting experimental evidence was obtained. One is the twostate model with an electronic ground state and one excited state, which was introduced first and is therefore called the conventional model. The other is the three-state model, which includes a second electronic excited state.
The two-state model is represented by a sequential and barrierless reaction scheme on the S 1 potential surface in the form hν 200 fs 500 fs 5 ps
Here J 625 represents a thermal intermediate in the electronic ground state S 0 . Experiments in the wavelength range from 600 to 900 nm reported decay times for stimulated emission measured at about 200 and 500 fs and set the lower limit for the excited-state decay (26, 96) . The 200-fs component was interpreted as the development of the wave-packet from the Franck-Condon state downhill by about 2800 cm −1 to the minimum in the excited-state potential curve along the isomerization coordinate.
Fluorescence upconversion measurements revealed time constants of 90 to 240 fs and 600 to 900 fs for the fluorescence decay at wavelengths ranging from 680 to 900 nm and an additional third one of 9 to 13 ps that is not seen in stimulated emission (31) . The occurrence of this third component in the fluorescence decay questions the one-dimensional potential surface model above and could indicate branching in the excited state. Excited-state absorbance with maxima around 480 nm (26, 120) and 760 nm (47) was found in transient absorption measurements and could interfere with stimulated emission.
Anti-Stokes Raman scattering reveals a decay time of 2.5 ps of the ethylenic stretch intensity of the chromophore (13, 27) . This type of Raman scattering can be observed only from vibrationally excited molecules and argues for J being the vibrationally hot K intermediate. However, the difficulty in distinguishing in this type of experiment between the vibrationally excited BR ground state (36% after deexcitation) and the vibrationally excited photoproduct weakens the argument.
From more recent time-resolved absorbance measurements, a three-state model for the reaction sequence was proposed (38, 47) . These authors attributed the positive absorbance change at ∼700 nm to the residual difference between the excited-state absorbance band ranging from 600 nm up to 900 nm and the stimulated emission band observed in the same wavelength range. Thus, the hot ground-state intermediate, J, of the conventional model appears in the three-state model as an excited-state phenomenon. Because both the excitedstate absorption band and the stimulated emission band can not be measured separately but have to be calculated from the difference spectrum, the nature of J remains unknown. A stronger argument against the conventional model is based on the following experimental facts. Two independent studies show that the stimulated emission spectrum does not change from 50 fs to about 1 ps, indicating a small barrier on the S 1 surface incompatible with the conventional model (46, 47) and implying a temperature dependence of the decay time. However, excited-state decay was found to be temperature independent down to 4
• K (89). The barrier is assumed to arise from an avoided crossing region of the S 1 and S 2 states. During this time the twist around the C 13 =C 14 bond should be near zero. Crossing the small barrier leads to fast progress in the isomerization process and population of the first 13-cis intermediate K. In this model the transition from the first, nonreactive part of the excited-state surface to the reactive part of S 1 with a steep slope along the isomerization coordinate occurs in 500 fs and then retinal twists and is directed by the protein into a second avoided crossing region between S 1 and S 0 to reach the 13-cis ground state, K. The protein is assumed to control the quantum yield, but retinal provides the driving force for isomerization. This model explains differently from the conventional model why it is not possible to trap the J intermediate even at 4
• K, but it cannot account for the anti-Stokes Raman scattering results if they are not attributable to hot ground-state BR.
Additional important information about the primary reaction comes from experiments with BR containing locked retinal to prevent isomerization around the C 13 =C 14 bond. A 200-fs decay constant for excited-state dynamics was determined independent of temperature (78
• K to 273
• K) by determining the time correlation function of absorption spectra (1) . In experiments with picosecond time resolution, an intermediate was found (called T5.12) with properties similar to those of J 625 (22) . If T5.12 is identical to J 625 , then isomerization around C 13 =C 14 is not a prerequisite for producing the absorbance change; it might be that it represents excited-state absorbance (38, 47) . Atomic force microscopy could detect a presumed change in the absence of retinal isomerization (130) . Surprisingly, this conformational change lasts long enough to allow lightenhanced reduction of the Schiff base by hydroxylamine (129) . This would be in accordance with molecular dynamics calculations showing that the polarization change in the excited state of retinal could trigger a protein dielectric polarization relaxation (168) . Although this relaxation was calculated to occur on the ps time scale, it could lead to a conformational change of the protein, which might persist even after the chromophore has returned to the S 0 state. Such a phenomenon was found for the primary photoreaction of photoactive yellow protein where a nonisomerizable chromophore triggers a complete photocycle (21) .
To summarize the current understanding of the primary events in the primary reaction of bacteriorhodopsin, both models are neither unequivocally disproved nor proved, and more experimental work is needed.
K/KL Intermediates
It is generally accepted that the K intermediate rises within a few picoseconds. Assuming that the intermediate following K is L, which rises in 1 µs, following excitation implies that the lifetime of K is about 6 orders of magnitude greater than prior intermediates and therefore is the relatively longest-lived intermediate.
An SVD analysis (134) of time-resolved FTIR data showed a marked difference between FTIR spectra taken at 10 ns and 1000 ns, especially at the hydrogen out-of-plane modes at 958 cm −1 and 985 cm −1 ; these spectra were assigned to the KL intermediate described earlier (142) . The HOOP mode at 985 cm −1 is not detected if BR is illuminated at 77
• K but is detected if illuminated at 135
• K. The band at 985 cm −1 was assigned to the C 15 HOOP and can be taken as a band indicative for KL (165) . A similar conclusion was reached by an independent study (44) . On the other hand, the change in the ethylenic stretch region expected to accompany the shift in absorption maximum (4) could not be found. In accordance with these results, an earlier transient absorbance study (98) determined a change in the difference spectra between 50 ns and 3 µs with a clear isosbestic point and an activation barrier for that transition.
Keeping the many degrees of freedom in mind that are described by only a single reaction coordinate, it is not surprising that the K → KL transition is silent with respect to some spectroscopic features (within the applied resolution, e.g. C=C stretch frequency), whereas it shows up in others (λ max ). A similar phenomenon applies to the different M-species discussed below. In summary, it seems justified to regard KL as an intermediate, i.e. it represents a local energy minimum along the reaction coordinate.
The L Intermediate
The KL-to-L transition has been studied by step-scan FTIR spectroscopy (44). The temporal behavior at different wavelengths could be fitted with a single exponential in each case. However, two groups of bands appeared that are characteristic for changes in the vicinity of the β-ionone ring or the Schiff base and develop with time constants of 400 ns and 2 µs, respectively. It was concluded that the structural relaxations during the KL-to-L transition proceed with different kinetics, e.g. a fast change near the β-ionone ring followed by a slow change at the SB.
In the L intermediate, the stage must be set for the subsequent proton transfer from the SBH to D85 in the L-to-M transition. This implies a strong interaction between D85 and SBH in L. Indeed, in a NMR study (65) it was found that the interaction between the SBH and its counterion is much stronger in L than in either N or BR. The chemical shift value of the SB nitrogen argued for doublebond strain, in particular around the C=N bond. Also, it was concluded that the chromophore is not in a 13,14-dicis configuration, as invoked in some models of the catalytic cycle (39, 140) . Based on a series of FTIR studies (74, (169) (170) (171) , a very detailed picture of hydrogen bonding between water molecules, peptide carbonyls, and side chains in the L intermediate was suggested (94) . Briefly, a water molecule that is bound to the SBH and D85 in the initial state forms stronger hydrogen bonds to both these groups in the L intermediate, and in addition, a further hydrogen bond is established to D212 that is necessary for proton transfer (74) . These changes near D85 are suggested to be transmitted to D96 in the CP channel through an H-bonding interaction involving water molecules, T46, the C=O of V49, and D96 (169, 171) . Trp182 interacts with the 9-methyl group of retinal, thereby affecting the equilibrium between M and L, and its substitution in the W182F mutant slows M formation (170) .
Since no global structural changes were detected in an electron diffraction study of the L intermediate (55) , the signals detected by FTIR spectroscopy represent relatively small local perturbations, yet these lead to a decrease of the pK a of the SBH (16, 41) and an increase of the pK a of D85 (14, 127) to allow the proton transfer in the L-to-M transition. Concomitant to this transition, a proton that appears at the extracellular surface (2, 52) must be released by an entity other than D85, named XH. Amino acid side chains R 82 , E 204 , E 194 , or a hydrogen-bonded network including these and water molecules, have been suggested (92, 124) .
M Intermediates
To allow vectorial proton transport, de-and reprotonation of the Schiff base must occur from different sides of the membrane. Therefore, at least two M intermediates must exist that differ in the accessibility of the Schiff base and are interconverted in a step called the "switch," i.e. M ec → M cp , where ec and cp indicate extracellular and cytoplasmic accessibility, respectively. In addition, the switch should increase the Schiff base pK a to make it a proton acceptor. The exact nature of changes that represent the switch has eluded experimental identification. Two extremes can be envisioned as to what molecular changes represent the switch. On the one hand, the switch could be induced by small changes in the chromophore retinal, such as a single bond rotation from a 13cis-14cis to a 13cis-14trans configuration (140) . The other extreme attributes the switch completely to conformational transitions of the protein moiety changing from a T-to a C-geometry that can accommodate the all-trans and 13-cis retinal, respectively (36) . Most likely, the actual mechanism involves both components. Regarding the identification of two M substates, there is no clear experimental evidence whether intermediates designated M 1 and M 2 throughout the literature are identical to M ec and M cp . Even worse, due to the different experimental conditions, it is unlikely that the same M species have been described in the different studies. For example, the different M states have been stabilized by low temperature (110) , the use of mutants D96N (18) or D96G (149), or incubation with arginine or guanidine hydrochloride at high pH (24, 106) , osmotically active substances like sucrose and glycerol (19) , or by dehydration (80) . 
including an irreversible M 1 → M 2 step that was required to model the kinetic data (158) (159) (160) . Similar results were obtained from an analysis of resonance Raman data (3, 105) . From the enthalpy and entropy changes of this transition, it was concluded that it is associated with major conformational changes that could thus provide the switch (159) . The specific deceleration of the M 1 → M 2 transition found at lower relative humidities (161) or in the presence of osmotically active substances (19) , 1650 cm −1 ). Specifically, the ratio of 1670 cm −1 /1660 cm −1 was < 1, and absorption at 1550 cm −1 was slightly negative. The positive, broad amide II band was located at 1564 cm −1 and displayed a shoulder at higher wave numbers. In contrast, the M species at 260
• K showed a band at 1755 cm −1 for D85 and the ratio of 1670 cm −1 /1660 cm −1 was > 1; at 1650 cm
, a strong positive band appeared, and the amide II band was more narrow and shifted to 1556 cm −1 . These differences were interpreted to be indicative for M 1 and M 2 , respectively. However, this assignment was later revised (111) on the basis of experiments supposedly yielding pure M/BR difference spectra. After trapping M at different temperatures, blue light was used to selectively drive back the M intermediate to the initial state. The resulting spectra at 220
• K and 270
• K were found to be virtually identical and similar to the M spectrum at 240
• K in previous work (111) . Differences seen before at 260
• K were attributed to the presence of some N intermediate, an interpretation that was in turn questioned (135; see below).
The mutant D96N conveniently allows M accumulation due to the drastically slowed M-decay at high pH values (18, 62, 157) . The resulting FTIR difference spectrum at 274
• K was suggested to be composed of contributions of two species. M, for which a pure spectrum could be recorded at 230
• K (similar to M 1 ; 110, 119), and a species defined as M N , which displayed features in the amide I region typically found for the N intermediate, whereas the chromophore bands suggested a deprotonated Schiff base (133) . The most significant differences to the M spectrum recorded at 230
• K were the shifted D85 band at 1755 cm −1 , a strong negative band at 1670 with only a shoulder at 1660 cm −1 , a strong positive band at 1650 cm −1 , and a narrow amide II band at 1557 cm −1 . Thus, in M N the protein has already adopted the conformation of the N state but proton transfer to the Schiff base has not yet occurred. This intermediate might be undetectable in the catalytic cycle of wild-type (WT) BR.
Low temperature was also used to stabilize M states in glucose-embedded WT-BR at 81% relative humidity (r.h.) (119) . Species trapped at 204
• K and 260
• K were designated M 1 and M 2 , respectively, and could be distinguished by the same features pointed out before (110), although visible spectra suggested no significant contributions of intermediates other than M (118), in contrast to results of earlier work (110, 111) . To resolve this discrepancy, the blue-light reversal experiment (111) was repeated with glucose-embedded samples (164) . At 240
• K trapping temperature, the difference spectrum was similar to the ones obtained before (110, 111, 119) and designated M (probably equivalent to M 2 ). The spectrum at 260
• K, on the other hand, displayed N-typical features and was interpreted to represent a mixture of M and M N .
The selective photo-back reaction of M was also used in a time-resolved study at room temperature (56) . The presence of M 1 and M 2 at early and late times was inferred from model calculations (30, 160) and from the different time constants obtained for the photo-back reaction of early and late M intermediates. The authors suggest a reaction sequence M → BR → BR and that the measured difference spectra would represent M-BR . Assuming that BR 1 and BR 2 are identical (a question not addressed by the authors), the fact that only minute differences were found in the M 1 -BR 1 and M 2 -BR 2 difference spectra would argue for only slight changes between M 1 and M 2 . Consequently, the switch would involve only very small conformational changes. Both difference spectra resemble mostly M 1 or low-temperature (< 240
• K) M of former work (110, 111, 119, 133, 164) .
A comparative study (136) demonstrated that low temperature mimics the effect of low hydration, either in wt or the mutant D96N. The ratio of 1670 cm −1 /1660 cm −1 absorption was found to be > 1 at high r.h./temperature but < 1 at low r.h./temperature. All spectra displayed an D85 band at 1761 cm −1 , although with a shoulder at lower wave numbers in case of D96N at r.h. > 75% and WT at 250
• K. This band was completely shifted to 1755 cm −1 in a sample of WT-BR incubated with guanidine hydrochloride at pH 9.6, and the negative band at 1670 cm −1 was almost twice as large as in any other sample, and most specifically, a negative band at 1742 cm −1 indicated a deprotonated D96. The proton must then be released toward the CP side of the membrane. It was argued that the ratio of 1670 : 1660 and the shape of the D85 band are indicative for M 1 (ratio < 1; 1761 cm −1 ) and M 2 (ratio >1; 1761 with shoulder toward 1755) and the shift of the D85 band to 1755 cm −1 for the M N state. Consequently, the M state of D96N at high pH was identified as M 2 with no significant contributions of M N . Whereas the structural changes monitored by the ratio of 1670 cm −1 /1660 cm −1 continue beyond the M 2 state into M N , those seen by X-ray diffraction are completed with the formation of M 2 (136; see below). In a study of the D38R mutant, the M state at pH 6.7 was found to be M 1 , whereas it was identified as M 2 at pH 9.6 with and without GuaHCl (135) .
Taken together, the results from FTIR measurements have introduced a new intermediate M N that suggests a reaction sequence of L → M 1 → M 2 → M N → N. In M N , the protein has adopted the conformation typical for the N intermediate, but the Schiff base is still deprotonated. It seems to be stabilized whenever there is no proton available to reprotonate the Schiff base, e.g. in the D96N mutant (133) or in the presence of GuaHCl or arginine (136), but does not accumulate in WT-BR. In summary, whether M N as defined by FTIR experiments is a transient intermediate of the catalytic cycle of WT-BR or is specific to the conditions used to trap it is not known and needs further experimentation. The results of the FTIR studies are summarized in Table 2 .
The crystalline nature of the PM allows the study of structural changes during the photocycle by diffraction methods, which provide the most direct evidence for global conformational changes. Namely, neutron (24, 50, 167) X-ray (72, 78, 106, 136) and electron diffraction (40, (148) (149) (150) 163) have been applied. Difference maps between illuminated and unilluminated samples allow the identification of projected areas with changed densities. It should be kept in mind, however, that most of the mutants introduce structural perturbations even in the dark state, which is evident from difference maps between unilluminated WT and mutant. The different mutants and experimental conditions used (summarized in Table 3 ) probably lead to the trapping of different photocycle intermediates or possibly even side products. In some cases, parallel FTIR difference spectra under similar conditions have been recorded that allow correlation with the M 1 , M 2 , and M N intermediates defined by their specific difference bands. Otherwise, the trapped intermediate is inferred from other experiments ( Table 3 , last column).
Consistently, when the M 1 intermediate was trapped either by low temperature (40), low hydration (136, 167) , or mutation D38R (136, 150) , only very small changes were detected, hardly above the noise level. This was also true for the preceding L intermediate (55) . Consequently, the catalytic cycle up to intermediate M 1 , in which the Schiff base proton is transferred to D85, is not associated with large conformational changes. In these cases, the ratio of the 1670/1660 amide I bands is < 1, as discussed above (compare; Table 2 ). Further development of M leads to changes in electron density mainly near helices B, G, and F (24, 45, 50, 55, 78, 106, 149) , as found in studies using conditions that presumably trapped M N (133) . Using slightly tilted samples, these structural changes could be mostly confined to the cytoplasmic side of the membrane (149), which was confirmed for the N intermediate (163) . In the case of D96G at high pH (148) , it was suggested that ordering of the cytoplasmic part of helix G and an outward movement by 2Å of helix F, possibly by pivoting (163) and F171C (72) as confirmed by FTIR difference and absorption spectroscopy, respectively. The difference density maps were found to be basically identical to those of the late M intermediate (24, 50, 106) . Both find major changes in the vicinity of helices F and G and smaller ones near helix B. It is suggested that structural changes near helix B and G occur in the early M state (72) . Assuming that the difference maps showing no significant changes (40, 136, 167) represent M1, it would follow that helix B and G change during the M 1 → M 2 transition. Movement of helix F, on the other hand, replaces changes near helix B and is expected to occur with the M 2 → N and M 2 → M N transition in wt and mutant D96N BR, respectively (72) . This is confirmed in a study with D96N at different hydration levels (73) . Changes at helices B, F, and G are found at hydration levels of both 100% r.h. and 75% r.h. However, changes near helix F were stronger compared to those near helix B in the case of a high level of hydration, while the opposite applied at a low hydration level. FTIR spectra under similar conditions showed the accumulation of M 2 and M N at 75% and 100% r.h., respectively.
Changes in FTIR difference spectra were correlated with those seen in electron density difference maps (135, 136) . The FTIR spectra have been discussed above ( Table 2) . For samples with a 1670/1660 ratio < 1 (D96N at ≤ 57% r.h.; WT at 50% r.h.; WT at ≤ 240
• K), no changes were found, whereas in the case of 1670/1660 > 1, changes near helices B, F, and G were detected. It was concluded that the large structural changes seen in the diffraction experiments occur in a single step from M 1 to M 2 (i.e. within the resolution of trapping experiments), whereas the FTIR bands in the amide I region develop more gradually from M 1 through M 2 to M N . It is noted that infrared absorption coefficients may change considerably even upon small structural perturbations, leading to strong amplitudes of the difference bands, even though the global structural model doesn't change appreciably (e.g. in M 2 versus M N ).
In a comparative study using a special cryo trapping method, time-resolved structural changes of different mutants were compared to WT, both of the unilluminated state and of photo-intermediates (150) . It is suggested that the same fundamental scheme of structural changes (e.g. near helices B, G, and F) is able to describe changes for WT and mutants. Differences detected between mutants and wt are interpreted as variations of that scheme rather than being specific for that particular mutant. Some mutants display structural perturbations even in the unilluminated state that mimic light-induced changes. Particularly interesting in this respect is the triple mutant D96G/F171C/F219L, the dark state of which shows almost the full extent of conformational changes normally induced by light. No additional changes are found upon illumination, yet the mutant has a specific proton-transport activity similar to that of the WT (J Tittor & D Oesterhelt, unpublished) . This proves that the switch resides not only in large protein conformational changes, as widely assumed, but at least partially in the retinal moiety. A different bending of the retinal polyene chain with protonated and unprotonated SB is suggested to be part of the switch (150) .
A three-phase scenario is invoked to describe the components of the switch (73, 74) . First, the connection of the SB to D85 is disrupted, followed by a reorientation toward the CP channel, and finally, an outward movement of helix F. The latter has been interpreted as a widening of the cytoplasmic channel, allowing water molecules to enter and interact with D96, thereby decreasing its pK and rendering it a proton donor (J Heberle, personal communication). The increased binding of water was also suggested by the specific deceleration of the M 1 → M 2 step by osmotically active substances (19) and photothermal beam deflection measurements detecting a volume increase in M corresponding to 11 water molecules (139) . The pressure dependence of rate constants suggested up to 20 bound water molecules in the later part of the photocycle (162), which is also compatible with expected volume changes from the increased lattice constant in M (24). However, a neutron diffraction study ruled out changes in the projected proton channel hydration exceeding 20% (167), which would account for less than 2 water molecules on the basis of the experimentally found 6-8 essential water molecules in the projection map (51) .
Movement of helix F was also suggested by the effects of bulky groups coupled to engineered cysteines at the cytoplasmic ends of helices A to G (17) . Only when helix F was labeled the reprotonation of the SB significantly was slowed down, while reprotonation of D96 was accelerated. Crosslinking of helix F with benzophenon, although unspecific, caused the opposite effects and seems to confirm the conclusion that movements of helix F strongly affect proton transfer rates. In a similar approach, WT and mutant D96N were treated with glutaraldehyde or LuCl 3 (123) . The dependence of the azide-induced acceleration of the M-decay in D96N on azide concentration was shifted to higher azide concentrations. It was suggested that two M forms with different accessibilities of the SB for azide are in equilibrium and that the agents shift the equilibrium toward the less accessible M form.
Time-resolved electron spin resonance spectroscopy of BR labeled at the AB, CD, and EF loop detected a light-induced increase of the distance between the EF loop and either the AB or CD loop (147, 154) . This increase is on the order of 5Å and occurs with the decay of the M intermediate. This would be compatible with the structural studies, which found a large movement of helix F upon formation of M N or N, respectively. The movements of loops, on the other hand, do not necessarily reflect the conformational changes of helices.
Solid-state NMR (64) of isotopically labeled BR at low temperature demonstrated for the first time the actual interconversion of different M species, characterized by the distinct chemical shifts of their SB nitrogens, e.g. M o → M n + N → BR (subscripts "o" and "n" stand for "old" and "new", not to be mistaken with intermediates O and N). M o itself, however, was decomposed into two substates, M o1 and M o2 . On the basis of measurements of [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C] Vallabeled BR, substantial structural changes were seen in the M o → M n transition that could be part of the reprotonation switch.
Photoelectric and absorbance measurements of the M back-reaction provided evidence for the existence of two M substates that gave rise to different kinetics of the response (25) . The relative amplitude of the slower component increased with the delay of the second flash with respect to the first actinic flash, suggesting a linear reaction sequence of two M intermediates. Expression of BR in oocytes (104) and patch clamping the cell membrane allow the application of defined potentials across the membrane and recording of current-voltage curves. The current could be extrapolated to zero at a potential of −250 mV, which would represent the thermodynamic driving force of the proton pump, very close to the −280 mV found for the membrane potential of H. salinarium cells (97) . It was found that the blue-light quenching effect strongly depends on the applied voltage. This was explained by an equilibrium between M 1 and M 2 , which is shifted toward M 1 upon application of a pump-inhibiting potential (103) . Therefore, the switch M cp → M ec must be connected to a charge movement, although spectroscopic measurements have identified the M → BR as the major electrogenic step (28, 75) . The large free energy decrease during the switch event of −250 mV is in accordance with an irreversible M 1 → M 2 transition (158-160) but incompatible with a "flickering" between EC and CP accessibilities of the Schiff base, i.e. an equilibrium of M 1 and M 2 close to 1 (15, 86) .
Completing the Cycle
The transition of the M to the N intermediate is chemically dominated by a proton transfer from D96 to the Schiff base; however, N must include two substates as reprotonation of D96 from CP occurs during its lifetime. The structural changes, as analyzed by X-rays or EM crystallography, during the M 1 → M 2 transition persist in the N state, and additional secondary structural changes have been observed during M 2 -N transition as a changing ratio in the amide-1 region (see above). The outward tilt of helix F in its cytoplasmic half was suggested to be caused by a hinge consisting of tyrosine 185 and proline 186 on the basis of site-specific labeling of tyrosine residues and the demonstration that the carbonyl group of Y185 changes its position. The intermediate N was shown to be a 13-cis intermediate but must involve two substates because the reprotonation of D96 from the cytoplasmic surface occurs during its lifetime.
Electron crystallographic and X-ray diffraction experiments on the mutants F219L and F171C reveal the basic features of the cytoplasmic part of the helix F in the N intermediate (72, 163) , as was seen before in D96G mutants. Although it might be that the early observed changes of helix G toward a more ordered structure occur before the tilt of helix F, all work on mutants is faced with the problem of possibly not reporting changes occurring in wild type. Thus, it has to be considered as an open question what the real structural changes are during the wild-type catalytic cycle. In any case, the N intermediate exhibits all features of a large structural change reported for late M intermediates. Chemically, the N intermediate is characterized by the 13-cis configuration of the chromophore and its capacity to photochemically reconvert to BR as do the intermediates K, L, and M (91) .
The N → O transition, after reprotonation of D96, is considered as the 13-cis to all-trans isomerization of retinal in the environment of a protonated D85 (144) . The attempt to prolong the lifetime of the O intermediate for structural studies leads to intensive investigation of the L93A mutant of BR, which produces a red-shifted long-living intermediate in the photocycle and which, however, was shown to contain a 13-cis intermediate (23) and to conserve the structural changes occurring in the M-state. This leaves the question of the exact time point of isomerization of retinal in wild type as an unsolved problem. The O intermediate itself in wild type is characterized by its preferential occurrence at high temperatures due to the activation energy barriers of conversion to BR initial state. It exhibits an unusual photochemical reaction of low quantum yield, e.g. a conversion to 9-cis retinal. This isomer is formed at the expense of all trans retinal, not 13-cis retinal as shown by extraction analysis (122a). This might be used as an additional argument for O in wild type as being trans, because mutants in the D85 position showing the same absorption maximum as the O intermediate are also converted in a photochemical reaction to the persisting photoproduct 9-cis. This becomes interesting for possible technical application as a thermally stable state.
After cis-trans isomerization, the BR molecule deprotonates D85H, restoring the protonation state of the EC H-bonded network, and the protein conformation returns in its initial state. It is unclear whether release of a proton from D85 or the conformational rechange to the initial state is the immediate consequence of the thermal isomerization step.
Much information has been compiled over the past 28 years; no doubt this molecule is now the best characterized active ion translocator. However, its structure is not solved to atomic resolution, and the structural changes responsible for the accessibility change of the active center for protons are not known. Further, the time-resolved migration of protons along the conduction pathways in the structure has eluded a complete description so far. For this, knowledge of the complete structural dynamics of the molecule is required.
